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Abstract
The molecular dynamics of the constrained and unconstrained mobile amorphous
fractions in semicrystalline polylactide (PLA) was investigated in the presence of
both flow-induced crystalline structures and spherulites by fast scanning calorimetry (FSC) through cooperativity and physical aging concepts. First, the shear rate
conditions leading to flow-induced crystallization were characterized by examining
the relaxation of shear-induced precursors. At a temperature of 150 °C, the critical relaxation time is so long that cooling down the sheared melt to the crystallization temperature does not affect significantly the precursors. Therefore, highly
oriented structures develop. The arrangement of the crystalline fraction, either
in flow-induced crystalline structures or spherulites, has no influence on the molecular dynamics of the mobile amorphous fraction, whereas the crystallinity degree was proved to play a significant role. Two kinds of molecular dynamics were
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distinguished, respectively associated to the α and secondary relaxations. The molecular dynamics related to the α relaxation of the mobile amorphous fraction was
investigated in terms of cooperativity: a clear dependence on the coupling and
the confinement by the crystals was observed, because a classic decrease of the
cooperativity length was found when comparing amorphous to semi-crystalline
PLA. On the contrary, the molecular dynamics related to the secondary relaxations
of the mobile amorphous fraction was not modified by the presence of the crystals, as observed from close physical aging investigations below the glass transition. The different length-scale of the α and secondary relaxations seems to be
the reason why the crystalline environment influences the macromolecular motions rather than the molecular or local motions.
Keywords: Polylactide, Amorphous fractions, Flow-induced crystallization,
Spherulite, Fast scanning calorimetry, Physical aging

1. Introduction
When polymers crystallize, the macromolecular chains that initially are in
3D random coil conformations arrange segments of their chains into lamellar crystals.[1] Semi-crystalline polymers can be obtained by either quiescent
or prestressed crystallization pathways. Crystallization is quiescent when
the process is only thermally activated, whether performed upon cooling
from the melt or upon heating from the glassy state to a given temperature.[2,3] Quiescent crystallization is also possible in the presence of nucleating agents, which allow tailoring crystal morphology and lamellae orientation.[4] Prestressed crystallization emerges from specific conditions, such
as memory effects,[5] cross-nucleation[6,7] or thermo-mechanical history.[8]
The latter case is of importance for processing, as semi-crystalline polymers are frequently subjected to intense shear and/or elongational flows
in the molten state prior to crystallization. Over the last few decades, numerous works have investigated the initial stages of flow-induced crystallization[9–14] as well as the final oriented semicrystalline microstructure.
[15–19] Melt flow of sufficient intensity results in local alignment and stretch
of chain segments which can induce the formation of oriented nucleation
precursors. Flow-induced precursors are thought to be metastable quasicrystalline aggregates that can persist at high temperatures for long times,
even above the nominal melting point. The main consequences of the presence of oriented flow-induced precursors are a significant acceleration of
the crystallization kinetics and a transition from an overall isotropic morphology (spherulites) to anisotropic flow-induced crystalline structures. As
a result of the oriented crystalline morphology that can develop after flow,
final physical properties are also significantly impacted.
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Flow-induced crystallization has been frequently investigated on polyolefins—particularly polyethylene and polypropylene—because of their
commercial relevance. Due to environmental concerns, several studies
have recently focused on flow-induced crystalline structures in polylactide
(PLA),[20–25] a biosourced and biodegradable thermoplastic polyester. Quiescent crystallization of PLA leads to the concomitant formation of highly
ordered α crystals and less ordered δ crystals.[26] It is established that quiescent crystallization performed at temperatures higher than 120 °C leads
to α crystals, whereas below 100 °C δ crystals are obtained. In the intermediate range of temperature, concomitant crystallization of both α and
δ crystals occurs.[27] The influence of shear or elongational flow onto the
crystalline structures that develop in PLA has been mainly investigated in
order to improve physical attributes, such as oxygen barrier[28] or mechanical properties.[29] It should be mentioned that, in some cases, semicrystalline microstructures similar to flow-induced crystalline structures have also
been obtained in PLA-based composite materials[30,31] and in PLA-based
formulations containing nucleating agents[32,33] or nano-fibrils.[34]
Most of the existing studies, whether on polyolefins or PLA, are focused
on characterizing the crystalline fraction, and not on the confinement of
the amorphous fractions by flow-induced crystalline structures. In addition, the lifetime of flow-induced precursors in PLA has not yet been explored. The recent development of fast scanning calorimetry (FSC) has represented a real breakthrough for the study of polymer crystallization,[35,36]
polymer melting[37,38] and amorphous polymer properties.[39,40] Fast scanning techniques allow analyzing a few ng of a sample by using rates as
fast as thousands of Kelvin per second.[41] As a consequence, the analysis
of amorphous fractions confined by crystals at the scale of semi-crystalline superstructures is now possible.
The crystallization of polymers is a kinetic process that results in the formation of nano-phasic structures where crystalline and amorphous regions
coexist.[42] The final morphology results from a competition between crystallization and vitrification. For decades now, most semi-crystalline polymers have been described in the literature with a three-phase model.[43,44]
In fact, between the crystalline and the amorphous fractions, an incomplete decoupling may exist that defines an additional fraction called the
rigid amorphous fraction (RAF)[45,46]. This fraction is due to the fact that
polymer chains are much longer than the typical dimensions of polymer
crystals.[47,48] RAF is commonly defined by opposition to the mobile amorphous fraction (MAF) in that its mobility is drastically restricted due to the
geometrical constraints at the interface with the crystals.[49,50] Regarding the
MAF, constrained and unconstrained MAF—depicted as intra- and interspherulitic amorphous phases respectively—have recently been reported
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for semicrystalline polyesters such as PET[51] and PLA.[43,52,53] Constrained
and unconstrained MAF were revealed by differential scanning calorimetric measurements through the concept of cooperative rearranging regions
(CRR)[54] as well as structural relaxation (i.e. physical aging).[55]
The purpose of this paper is to investigate the relaxation of shear-induced precursors leading to flow-induced crystallization of PLA, so that the
amorphous fractions constrained within different semi-crystalline microstructures can be investigated through glass transition and physical aging
by means of FSC. The presence of crystals affects the molecular dynamics of the MAF; therefore, a question arises: what is the role of crystalline
morphology?
2. Materials and methods
2.1. Materials and sample preparation
PLA pellets (grade 4042D, containing about 96% of l-lactide and 4% of dlactide) were provided by NatureWorks. The number-average and weightaverage molecular weights were <Mn> = 116 kDa and <Mw> = 188 kDa
respectively, as measured by gel permeation chromatography (GPC). Prior
to use, PLA pellets were dried overnight at 60 °C to prevent degradation.
The pellets were then thermo-compressed between two hot plates during
5 min at a pressure of 1 bar and a temperature of 180 °C. The temperature
was selected below the equilibrium melting temperature Tm0 (ranging from
199 °C to 207 °C [56]) and above the nominal melting temperature Tm (ranging from 160 to 170 °C [57,58]). The samples were then quickly quenched in
cold water and dried, obtaining self-standing films with thicknesses ranging between 200 and 300 μm. A single glass fiber with a diameter of 17 ±
1 μm was sandwiched between two PLA films and the assembly was then
placed between two microscope cover-glasses.
2.2. Procedure for fiber pulling experiments
A homemade device was used to pull the fiber through the molten polymer at a constant linear velocity of 10 mm s–1 for 1 s. The shear rate at
the interface between the fiber and the melt was estimated to be close
to 1000 s–1, according to Monasse et al.[15] The different steps of the fiber
pulling procedure were performed as follows. First, the as-prepared sandwich was transferred into a Mettler FP 82 hot stage and held at 180 °C for
5 min to erase any previous thermal and mechanical history. Then, the assembly was cooled to a given pull-out temperature Tpo and held there for 3
min before pulling the fiber to impose flow onto the melt. From this point,
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two different procedures were followed: one to investigate the precursors’
relaxation (protocol 1) and another one to probe the amorphous fraction
present in flow-induced highly oriented structures (protocol 2). For experiments that followed protocol 1, shear rate was applied by pulling the fiber at different temperatures (Tpo = 157.5 °C, 160 °C, 162.5 °C, 165 °C, 167.5
°C and 170 °C). The assembly was then held at Tpo for a specific relaxation
time—ranging from few seconds to few hours—prior to quenching to a
suitable crystallization temperature (Tc = 130 °C). Depending on the extent
of precursors’ relaxation, either a spherulitic or an oriented flow-induced
crystalline structures was observed as crystallization proceeded. For experiments that followed protocol 2, shear precursors were induced by fiber pulling at Tpo = 150 °C. Next, the sample was immediately quenched
to the same crystallization temperature of Tc = 130 °C to prevent any significant precursor relaxation. Then, isothermal crystallization was allowed
to proceed for 90 min. Note that for protocol 2, the fiber was completely
pulled out from the melt in order to allow the sample preparation that is
required for subsequent thermal analysis. For more clarity, schematization
of both protocols are displayed in supporting information.
2.3. Morphological observations
Morphological observations during and after isothermal crystallization
were performed with a universal EPI-illuminator polarized optical microscope (POM) equipped with Nikon M Plan ×2.5/×5/×10 objective lenses
and connected with a digital camera system from Nikon Corporation in
transmission mode.
Additional observations of the flow-induced crystalline structures were
performed by scanning electronic microscopy (SEM). Flow-induced crystalline structures were isolated by ultramicrotomy on an Ultracut UCT Leicamicrosystem with a glass knife; this step allowed reaching the center of
the structure by cutting along the pulling direction. The crystalline structure was then isolated by etching the sample in a water-methanol (1:2 by
volume) solution containing 0.025 mol/L of sodium hydroxide at room
temperature during 24 h, followed by rinsing in distilled water. Finally, the
sample was coated with 10 nm of gold with a Cressington Sputter Coater
prior to observations with a Dual-BEAM LEO1530-ZEISS scan electron microscope at an accelerating voltage of 5 kV.
2.4. Fast scanning calorimetric measurements
FSC analyses were performed using a power compensation twin-type chipbased fast scanning calorimeter Flash DSC 1 (Mettler Toledo) equipped with
a Huber TC100 intra-cooler. Cross sections of both flow-induced crystalline
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structures and spherulites were obtained by ultramicrotomy. Serial sections
of 500 nm thickness were obtained with an Ultracut UCT Leica-microsystem
with a dry-glass knife. The samples were placed on the sensitive area of a
MultiSTAR UFS 1 MEMS chip sensor. A thin layer of silicone oil was used
to promote adhesion of the sample onto the chip and to improve thermal
contact. Samples were continuously flushed with a 20 mL min–1 flow of gaseous nitrogen to prevent condensation from environmental moisture and
to ensure temperature control. Sample mass was estimated from the step
change in heat flow at the glass transition: the heat capacity step ΔCp obtained by FSC at lβcl = βh = 1500 K s–1 was compared to the value obtained
by conventional DSC at lβcl = βh = 0.17 K s–1, that is to say 0.51 J/(g.K) for
a completely amorphous PLA according to the literature.[58]
Before FSC experiments, the shape of the samples was observed by optical microscopy on a microscope cover-glass in transmission mode. After FSC experiments, the shape of the samples adhered on the chip sensor was examined in reflection mode. The perimeter and the surface area
were measured with the software ImageJ.
3. Results and discussion
3.1. Quiescent and prestressed crystallization of PLA
Flow-induced crystallization in PLA has been reported in the presence of
steady[20,24] or oscillating[22,25] shear conditions during injection molding,
and by pulling fibers within a polymer melt.[21,31] The latter procedure is
the easiest way to produce shear flows with shear rates up to ≈1500 s–1.
[31] However, to our knowledge, the lifetime of shear-induced precursors in
PLA has not been previously investigated. Due to their metastability, the
existence of shear-induced precursors is time and temperature dependent,
as already observed for other polymers such as PP, PBu, PEO or PS.[11,12] In
this work, the lifetime and relaxation behavior of PLA shear-induced precursors was investigated in the temperature range where melting of semicrystalline PLA is typically reported[57,58] to mimic flow conditions typical of
industrial processing. The relaxation temperature map in Fig. 1 depicts the
relaxation time of PLA shear-induced precursors (t*) measured at different
pull-out temperatures (Tpo) and the type of morphology that develops after
cooling to the crystallization temperature (protocol 1). Longer relaxation
times, i.e. above the “transition zone” in Fig. 1, lead to only spherulites because the precursors completely relax, whereas for shorter relaxation times
the precursors are still present, which results in cylindrical flow-induced
crystalline structures near the fiber, i.e. in the region that was subjected to
the highest shear rate. At intermediate times, i.e. in the “transition zone”,
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Fig. 1. Holding time (t*), after pulling the fiber, as a function of the pull-out temperature (Tpo). The holding time t* is related to the relaxation of the precursors,
and their lifetime is then observed after crystallization at Tc = 130 °C. For “longer” relaxation times (circles), the precursors relax and spherulites (SPE) are obtained. For “shorter” relaxation times, the precursors lead to flow-induced crystalline structures (crosses). For intermediate times, i.e. in the transition zone (dashed
area), there is still a few flow-induced crystalline structures near the fiber surface
due to some remaining precursors. The images were recorded by polarized optical microscopy at Tpo = 162.5 °C.

there is much less enhanced nucleation near the fiber surface due to partial relaxation of flow-induced precursors, which results in a significant reduction of oriented structures. These different behaviors are illustrated by
POM images recorded at Tpo = 162.5 °C. It should be noted that at higher
pull-out temperature, the critical relaxation time tc* for precursors decay
becomes shorter, in agreement with relaxation studies performed on other
polymers.[12,14] Extrapolating from the relaxation temperature map of PLA
precursors given in Fig. 1, a pull-out temperature Tpo = 150 °C is a judicious
choice to obtain shear-induced precursors that do not significantly relax
during cooling to the crystallization temperature Tc = 130 °C, because they
would need at least a few hours to noticeably relax. This is the reason why
the fiber pulling procedure to obtain the highest density of shear-induced
precursors was performed at Tpo = 150 °C (protocol 2), with the purpose
of examining the amorphous phase present within highly oriented structures and comparing its characteristics with the amorphous phase in conventional spherulites. The crystallization time tc = 90 min also ensured that
the cylindrical structure is not embedded within a “sea” of spherulites, facilitating its isolation to perform calorimetric experiments.
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Fig. 2. Polarized optical (A) and scanning electron (B) micrographs of spherulites
and flow-induced crystalline structures (Tpo = 150 °C; t* <<< tc*; Tc = 130 °C; tc =
90 min).

Fig. 2 shows POM and SEM pictures of semi-crystalline PLA subjected
to protocol 2, in which the fiber is fully pulled out of the polymer melt.
Fig. 2(A) shows that flow-induced precursors resulted in flow-induced
crystalline structures, in the form of a cylindrical structure whose diameter reached approximately 100 μm after a crystallization time tc = 90
min. The shear rate strongly decreases as the distance from the fiber increases, therefore no precursors were induced away from the pull-out
region, and only spherulites were observed. Note that the diameter of
the spherulites also reached approximately 100 μm. Fig. 2(B) showcases
the differences between flow-induced crystalline structures and spherulites through the contrast between amorphous and crystalline areas:
lamellar growth in cylindrical flow-induced crystalline structures mostly
occurred in the direction perpendicular to the flow[31]—that is to say that
flow-induced crystalline structures are anisotropic, whereas spherulites
developed radially.
The differences between flow-induced crystalline structures and spherulites, as well as their influence on the mobile amorphous fraction, were further investigated by FSC at the micro-scale, i.e. at the typical length-scale of
semi-crystalline structures. Fig. 3 (A–B) shows cross sectional slices of both
flow-induced crystalline structures and spherulites as obtained by ultramicrotomy prior to FSC analysis. In both slices, the semi-crystalline structure
(dashed ellipse) is surrounded by an amorphous matrix. Two approaches
were used to investigate the amorphous fraction. In the first approach, the
whole sample (semi-crystalline structure along with surrounding amorphous matrix) was analyzed (SCA systems). In the second approach, only a
portion of the semi-crystalline structure was isolated and analyzed, as indicated by the dashed polygon in Fig. 3(A–B) (SC systems). Fig. 3(C) shows
a slice of flow-induced crystalline structures after FSC analysis.
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Fig. 3. Optical micrographs of slices of a spherulite (SPE) (A) and a flow-induced
crystalline structure (B) obtained by ultramicrotomy prior to FSC analysis, as well
as an example of a flow-induced crystalline structure slice placed on the FSC chip
sensor after analysis (C). First, the sample within the ellipse plus the surrounding
amorphous fraction were analyzed (SCA system), then a fresh slice was used to
further isolate the dashed polygon within the semi-crystalline structures (SC system). The slices were 500 nm thick.

Fig. 4. FSC normalized heat flows of the first and second heating ramp from 20
°C to 220 °C for spherulites (SPE) and flow-induced crystalline structures: (A) SCA
vs. (B) SC systems. SPE = spherulite, FICS = flow-induced crystalline structure, SCA
= semi-crystalline structure and the surrounding amorphous phase, SC = semicrystalline structure.

Fig. 4 reports FSC heat flows normalized to the sample mass and the
heating rate recorded during the first and second heating ramps from 20
°C to 220 °C both for a slice of flow-induced crystalline structures and
spherulites. Fig. 4(A) shows the results of SCA systems, whereas Fig. 4(B)
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shows the results of SC systems. For all systems, the first heating ramp includes two thermal events: an endothermic step typical of the glass transition within the amorphous fraction, followed by an endothermic event
related to the melting of the crystalline fraction. The second heating ramp
reveals that all the systems were perfectly quenched upon cooling (βc =
1500 K s–1), as indicated by the increase in the magnitude of the heat flow
step at the glass transition and the absence of the melting peak, that are
typical of a fully amorphous material.
Melting occurs with a broad peak for both flow-induced crystalline
structures and spherulites, either within SCA or SC systems. When PLA is
crystallized at 130 °C, only highly ordered α crystals are formed.[26] In addition, the use of high scanning rates (1500 K s–1) prevents structural reorganization of the crystals, which means that the broadening of the melting
peaks is, in this case, only due to the complexity of the investigated semicrystalline structures. Table 1 summarizes the values of enthalpy associated to the melting peaks observed during the first heating ramps in Fig.
4, along with the physical properties measured at the glass transition. The
glass transition (measured at the mid-point) of completely amorphous PLA
was found to be 70.9 °C, with a step in heat capacity of 0.51 J/(g.K). This
value was taken as a reference to estimate the mass of the sliced sample
deposited onto the chip sensor, as described in Section 2.4. The mass of the
sample was then used to correlate the step in heat capacity observed for
the semicrystalline systems with their respective degree of crystallinity. The
glass transition temperature of the SCA systems reaches 72.7 °C and 72.9 °C
respectively, with a step of heat capacity that drops to 0.35 J/(g.K) and 0.37
J/(g.K) for flow-induced crystalline structures and spherulites, respectively.
The glass transition temperature of the SC systems reaches 74.2 °C and
74.1 °C respectively, with a step in heat capacity that drops to 0.32 J/(g.K)
and 0.30 J/(g.K) for flow-induced crystalline structures and spherulites, respectively. Independently of the semi-crystalline morphology (flow-induced
Table 1. Thermal and microstructural properties measured while heating completely amorphous, flow-induced crystalline structures (FICS) and spherulites (SPE), both for SCA and SC
systems: glass transition temperature Tgmid , heat capacity step ΔCp , enthalpy of melting ΔHm ,
mobile amorphous fraction XMAF , crystalline fraction Xc , and rigid amorphous fraction XRAF .

Amorphous
SPE SCA
FICS SCA
SPE SC
FICS SC

Tgmid
(°C ± 1)

ΔCp
ΔHm
(J/(g.K) ± 0.05) (J/g ± 3)

XMAF
(% ± 5)

Xc
(% ± 5)

XRAF
(% ± 10)

71
73
73
74
74

0.51
0.35
0.37
0.32
0.30

100
69
73
63
59

0
18
13
27
24

0
13
14
10
17

0
24
18
37
33
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crystalline structures and spherulites), the only parameter that differs is the
amount of surrounding amorphous fraction, which explains the decrease
in the step of heat capacity when comparing SCA and SC systems. In addition, the increase of the mid-point glass transition temperature of the SCA
and SC systems with respect to completely amorphous PLA (2 °C and 3 °C
respectively) is due to the steric hindrances generated by the presence of
the crystalline fraction. This is why intra-spherulitic amorphous phase is
called constrained MAF. The glass transition of SCA systems is halfway between the glass transition temperature of the amorphous and SC systems
due to the presence of both inter-spherulitic and intraspherulitic regions.
From the enthalpy of melting reported in Table 1, the crystalline fraction
Xc was determined according to the following equation:
Xc =

ΔHm
ΔHm0

(1)

in which ΔHm is the enthalpy of melting and ΔHm0 is the enthalpy of melting of a 100% crystallized PLA (136 J/g) which was obtained using the recent formula proposed by Righetti et al.[59] From the crystalline fraction Xc
and the step of heat capacity at the glass transition ΔCp, the mobile amorphous fraction XMAF and the rigid amorphous fraction XRAF were estimated
according to the following equations:
XMAF =

ΔCp
ΔCp0

1 = XMAF + XRAF + XC

(2)
(3)

in which ΔCp0 = 0.51 J/(g.K)[58] is the heat capacity step of completely amorphous PLA. The values are summarized in Table 1. By comparing flow-induced crystalline structures or spherulites from SCA on one side or SC
systems on the other side, it is interesting to observe that flow-induced
crystalline structures or spherulites approaches have no influence on the
apportionment of microstructural fractions. Nevertheless, SCA systems develop XMAF ≈ 70% and XC ≈ 15%, whereas SC systems rather develop XMAF
≈ 60% and XC ≈ 25%, on average. Therefore, independently of the approach used to investigate the microstructure, an average value of XRAF ≈
15% was found. Apparently, the structural anisotropy induced in the liquid
like-state plays no role on the apportionment of the different fractions. As
observed by Righetti et al.,[43,50] the establishment of the RAF depends on
the crystallization temperature, i.e. on the molecular mobility of the polymer chains. These results show that the shear conditions imposed prior to
crystallization only affected the crystallization kinetics and the morphology
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of the final crystalline structure, with no influence on the amount of the
RAF (which appears to be influenced only by the temperature conditions).
3.2. Cooperative motions in amorphous and crystallized PLA
at the glass transition
Prior to FSC analysis, a visual estimation of the main microstructural areas
developed in SCA systems was performed by optical microscopy. The ratio of amorphous to semi-crystalline surface areas was evaluated for both
morphologies (flow-induced crystalline structures and spherulites) from
the POM images shown in Fig. 3 (A–B). Table 2 reports the fraction of surrounding amorphous matrix, namely unconstrained MAF, for flow-induced
crystalline structures and spherulites samples (35% and 50% respectively).
However, MAF (XMAF) measured by FSC, reach 69% and 73% for flow-induced crystalline structures and spherulites, respectively. Thus, from POM
observations and FSC analysis, a discrepancy of 34% and 23% in the amorphous fractions was evidenced between flow-induced crystalline structures
and spherulites. This discrepancy is related to the fraction of constrained
MAF (XCMAF) within flow-induced crystalline structures and spherulites, as
reported in Table 2. In the few past years, the existence of a so-called intraspherulitic MAF has been shown for semi-crystalline polyesters such as
PET and PLA,[52,54,55,57,71] which behaves like a constrained MAF. Wang et al.[52]
showed that semi-crystalline PLA with different crystallinity degrees has
different glass transition dynamics after structural relaxation. In particular,
the process occurring at lower temperature was attributed to the bulk-like
glass transition, whereas the process occurring at higher temperature was
attributed to the glass transition of constrained MAF, i.e. the amorphous
fractions whose motions were hindered by the lamellar stacks. Later on,
Delpouve et al.[54] investigated the relaxation dynamics of inter- and intraspherulitic amorphous phases through the concept of CRR according to
the thermodynamic approach proposed by Donth. The characteristic value
Table 2. Visual estimation of amorphous and semi-crystalline sample areas on the slices of
spherulites (SPE) and flow-induced crystalline structures (FICS) in Fig. 3 (A–B). Prior to thermal analysis, the total sample area Atot, the semi-crystalline sample area Asc, as well as the
ratio of amorphous (A matrix) to semi-crystalline (SC structure) sample areas of the slice
have been estimated by picture analysis. They highlight the unconstrained (XUCMAF) and the
constrained (XCMAF) fractions representing the mobile amorphous fraction (XMAF).
Atot
Asc
A matrix
SC structure
(μm2)
(μm2)
(%)
(%)
					

XMAF = XCMAF
+ XUCMAF
(% ± 5)

SPE
FICS

69 = 34 + 35
73 = 23 + 50

10500 ± 300
21400 ± 700

6800 ± 100
10800 ± 200

35 ±5
50 ±5

65 ±5
50 ±5
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of the cooperativity length at the glass transition (3.0 nm for a completely
amorphous PLA) was found to decrease to 2.0 nm when the maximum degree of crystallinity was reached. For intermediate degrees of crystallinity,
the cooperativity length associated to the dynamics of both amorphous
fractions was observed to decrease linearly from 3.0 nm to 2.0 nm. It turned
out that cooperativity could be correlated to the structural relaxation of
the considered fractions.[53] By tracking the temperature evolution of the
peaks associated to the enthalpy recovery in amorphous, partially crystallized and fully crystallized systems, they discussed the molecular dynamics of both inter- and intra-spherulitic amorphous phases, and found it in
agreement with the results previously published by Wang et al.[52] In particular for partially crystallized systems depicting double peaks, the enthalpy
recovery of the inter-spherulitic amorphous fraction was found to be similar to the one observed for a completely amorphous sample, whereas the
enthalpy recovery of the intraspherulitic amorphous fraction was found
to depend on degree of crystallinity. A system that is partially crystallized
would show an enthalpy recovery peak related to intra-spherulitic amorphous fraction whose maximum appears at lower temperatures with respect to the same system crystallized to the maximum extent. The temperature shift was attributed to the differences induced by the crystallization
process, that is to say secondary crystallization and the development of
RAF.[43] In literature it has been shown that a decrease in cooperativity can
be associated to a decrease in the thickness of the amorphous fraction confined within the crystal[60], as well as to isochoric[61] and multilayer[62] confinement. Thus, the molecular dynamics of the constrained MAF depends
on the lamellar thickness.
In addition to the aforementioned glass transition properties, the glass
transition process was also evaluated in terms of CRR. From modulated
temperature DSC, the cooperativity volume ξTα3 at the dynamic glass transition temperature Tα is extracted from the following equation:
ξTα3 =

(1/Cp)Glass – (1/Cp)Liquid
kBTα2
ρ(δT )2

(4)

with kB the Boltzmann constant, δT the average temperature fluctuation
related to the dynamic glass transition of a CRR, ρ the density of the relaxing system, and Cp the heat capacity at constant pressure. From DSC, or
in this work FSC, the dynamic glass transition temperature Tα corresponds
to the glass transition temperature Tg, whereas the average temperature
fluctuation δT is estimated upon heating from the following equation: [63]
δT = ΔT/2.5

(5)
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with ΔT the temperature interval where the Cp curve from FSC varies between 16% and 84% of the heat capacity step ΔCp. This rule has been
checked for several substances in literature.[63] The different experimental parameters necessary to estimate the cooperativity volume ξTα3 are
summarized in Table 3. In order to assess the molecular dynamics of
constrained MAF, only SC systems were investigated. Such an approach
cannot be used in the case of SCA systems because an average glass transition would be measured including both constrained MAF and the surrounding amorphous matrix (unconstrained MAF). With the values of glass
transition temperature and heat capacity step reported above, similar values of mean fluctuation temperature, cooperativity length and volume
were obtained for both flow-induced crystalline structures and spherulites. However, the mean fluctuation temperature at the glass transition
for constrained MAF in flow-induced crystalline structures and spherulites is higher compared to the value obtained for completely amorphous
PLA (5.4 K vs. 3.8 K). As a consequence, the cooperativity length and volume of the amorphous chains trapped within semi-crystalline structures
is reduced to 1.9 nm and 7 nm3 respectively, as compared to the values
of 2.6 nm and 18 nm3 that are classically observed for completely amorphous PLA.[53,58] These results are consistent with the reduction of mobility induced by the presence of lamellar stacks already reported by Wang
et al.[52] and Delpouve et al.[54] Independently of the SC system, CRR are
30% smaller with respect to completely amorphous PLA. This result suggests that constrained MAF behaves the same independently of the type
of semicrystalline morphology. Once again, the molecular dynamics of
constrained MAF seems to be driven by the crystallization temperature,
and therefore the competition between crystallization and vitrification,
rather than by the crystalline morphology. However, another parameter
should be taken into account: the degree of connection of the crystalline fraction to the surrounding amorphous fraction, i.e. the decoupling
of fractions and the development of the RAF.

Table 3. Parameters obtained by FSC and used to calculate the size of the Cooperative Rearranging Regions (CRR) for completely amorphous and semi-crystalline PLA, in the case
of SC systems only, for both spherulite (SPE) and flow-induced crystalline structures (FICS):
mean temperature fluctuation δT, cooperativity length ξTα and cooperativity volume ξTα3.

Amorphous
SPE SC
FICS SC

δT (K)

ξTα (nm)

ξTα 3 (nm3)

3.8 ± 0.3
5.4 ± 0.5
5.3 ± 0.5

2.6 ± 0.3
1.9 ± 0.2
1.9 ± 0.2

18 ± 2
7±1
7±1
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3.3. Local motions in amorphous and crystallized PLA below the
glass transition
The molecular mobility of the amorphous fractions through the wellknown phenomenon of structural relaxation and physical aging was then
investigated. Using physical aging to reveal differences in molecular dynamics by thermal analysis is a common procedure.[52,54] In addition, the
high scanning rates attainable by FSC allow accelerating the kinetics of
physical aging, because glassy states with higher level of enthalpy can be
formed. FSC allowed performing physical aging on a wider range of time
(from milliseconds to days), reaching thermodynamic equilibrium.[40]
Fig. 5 shows FSC normalized heat flows for aged PLA. Fig. 5(A) focuses
on completely amorphous PLA. As aging progresses, a sequence of endothermic peaks is classically observed indicating the structural relaxation
process superimposed to the glass transition. Besides, the endothermic
peaks increase and shift towards high temperature as the aging time increases. Physical aging of SCA systems is more complex, as shown in Fig.
5 (B-C). The peaks of enthalpy recovery for both flow-induced crystalline
structures and spherulites are clearly divided into two contributions that
become more and more visible as aging time increases, indicating that a
different behavior is observed for a crystalline environment. A similar behavior has already been reported in the literature for PLA as previously detailed above,[53,55] explained by the existence of two amorphous fractions
having their own response to structural relaxation due to their respective
environment. It has also been suggested that the high-temperature contribution could be related to the enthalpy recovery of constrained MAF,
whereas the low temperature contribution would be associated to the relaxation of unconstrained MAF, i.e. the surrounding amorphous matrix.
When the SC systems are considered, only one endothermic peak for
both flow-induced crystalline structures and spherulites is observed. In
comparison with amorphous PLA, the enthalpy recovery peaks are broadened and shifted towards higher temperatures within a larger range of temperatures, as shown in Fig. 5 (D–E). This result could be due to the strong
influence of the semi-crystalline environment on the molecular dynamics
of the confined amorphous fraction, suggesting a stronger degree of confinement induced by tighter inter-lamellar stacks.[53]
First of all, Fig. 6(A) shows the Gaussian fitting procedure used to track
the maximum Tp of the enthalpy recovery peak for all the contributions observed in Fig. 5. The Gaussian fit was performed on the normalized heat
flow subtraction (aged - rejuvenated), as shown through the example of
flow-induced crystalline structures SCA aged 1 min. Fig. 6(B) reports the
temperature evolution of the maximum of the enthalpy recovery peak as
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Fig. 5. Normalized heat flows recorded after
physical aging of completely amorphous PLA
(A), SPE SCA (B), FICS SCA (C), SPE SC (D) and
FICS SC (E). Aging was performed in situ by
FSC at a scanning rate of lβcl = βh = 1500 K
s–1 at Tag = Tg,cooling – 9 °C = 58 °C for aging
times ranging from 0.001 min to 10 min. Glass
transition temperature measured upon cooling
are displayed in supporting information. SPE
= spherulite, FICS = flow-induced crystalline
structure, SCA = semi-crystalline structure and
the surrounding amorphous phase, SC = semicrystalline structure.
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Fig. 6. (A) Normalized heat flow subtraction (aged – rejuvenated) of FICS SCA aged
1 min 9 °C below Tg, cooling. The curve illustrates how the enthalpy recovery ΔHtag
was calculated, as well as the fitting procedure for the maximum Tp of the enthalpy
recovery peak. (B) Evolution of the maximum Tp of the enthalpy recovery peak as
a function of the aging time. Spheres: completely amorphous PLA. Discs: unconstrained mobile amorphous fraction (UCMAF) within the SCA systems (FICS: filled
discs, SPE: empty discs). Diamonds: constrained mobile amorphous fraction (CMAF)
within the SCA systems (SPE: empty diamonds, FICS: filled diamonds). Pentagons:
constrained mobile amorphous fraction (CMAF) within the SC systems (SPE: empty
pentagons, FICS: filled pentagons). SPE = spherulite, FICS = flow-induced crystalline structure, SCA = semi-crystalline structure and the surrounding amorphous
phase, SC = semi-crystalline structure.

a function of aging time. Regarding the SCA systems, the first contribution of both flow-induced crystalline structures and spherulites behaves
as unconstrained MAF in that a linear increase is observed until a plateau
is reached at about 84 °C after the same aging duration. This means that
the first contribution recorded for both flow-induced crystalline structures
and spherulites is actually related to the surrounding amorphous matrix.
As for the second contribution, SCA and SC systems show no differences:
the trend is the same independently of the type of semi-crystalline morphology, and is shifted to higher temperatures as compared to the amorphous matrix. Thus, in both systems, the second contribution seems to be
related to the amorphous fraction constrained within the lamellar stacks,
with the same molecular dynamics.
Then, as graphically illustrated in Fig. 6(A) by the orange hatched area,
the enthalpy recovery of a glass aged at a temperature Tag during a time tag
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is calculated by integrating the difference between the scans of the aged
and rejuvenated sample, according to the following equation:

∫ [C
T2

ΔH = (Tag , tag) =

T1

a
p

(T) – Cpr (T )] ∙ dT

(6)

in which Cpa (T ) and Cpr (T ) are the specific heat of the aged and rejuvenated samples respectively, and T1 and T2 are arbitrary temperatures below
and above the glass transition temperature Tg.[64] The so-called enthalpy recovery represents the energy required by the glass to reach its thermodynamic equilibrium. Under the assumption that equilibrium is reached for
an infinite time, the expected total enthalpy loss ΔH∞ extrapolated from
the equilibrium melt depends on the aging temperature Tag, as well as on
the glass transition temperature Tg and the heat capacity step ΔCp of the
sample, according to the following relation:
ΔH∞ = ΔCp ∙ (Tg – Tag )

(7)

Fig. 7(A) shows the evolution of the difference between the enthalpy recovery ΔHtag and the total enthalpy loss ΔH∞ as a function of aging time tag
for a completely amorphous PLA, as well as for the semi-crystalline samples

Fig. 7. Time evolution of the difference between the enthalpy recovery ΔHtag and
the total enthalpy loss ΔH∞ (A), and of the structural relaxation function φ (B).
Spheres: completely amorphous PLA. Diamonds: SCA systems. Pentagons: SC systems. Empty symbols: SPE. Filled symbols: FICS. SCA = semi-crystalline structure
and the surrounding amorphous phase, SC = semi-crystalline structure, SPE =
spherulite, FICS = flow-induced crystalline structure. Black line is a guide for eyes.
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(both flow-induced crystalline structures and spherulites morphologies, as
well as SCA and SC systems). When the crystallinity degree increases, the
amorphous response decreases (Table 1). Therefore the enthalpy recovery and the total enthalpy loss values are smaller for the semi-crystalline
systems with respect to the completely amorphous sample due to the decrease of MAF. To compare the kinetics and the dynamics, the structural relaxation function φ has been plotted as a function of the aging time. The
structural relaxation function φ is defined as:
φ(tag) =

ΔHtag – ΔH∞
ΔH∞

in which ΔHtag and ΔH∞ are the enthalpy recovery after an aging time tag
and the total enthalpy loss after an infinite aging time, respectively. This
function allows normalizing the enthalpy recovery to the same amount of
MAF. Fig. 7(B) shows that the evolution of enthalpy recovery is the same
independently of the environment of the MAF (both type of morphology
and degree of crystallinity). Besides, the whole structural relaxation process has been accelerated by the high scanning rates available in FSC[40]:
all the samples reached the thermodynamic equilibrium after the same aging duration. It is worth mentioning that all systems superimpose, and depict the same physical aging kinetics. Therefore, the structural relaxation
of the amorphous fraction depends neither on the microstructure, on the
coupling between fractions, on the confinement by the crystals nor on the
orientation of the macromolecules prior to crystallization.
Physical aging is performed at a given temperature below the glass transition. During sub-Tg structural relaxation far from the glass transition, only
local molecular motions, such as the rotation of sub-segmental flexible
groups along the polymer backbone take place [65]. For example, Priestley et
al. [66] have shown by dielectric studies a significant decrease in the strength
of the β relaxation dynamics when silica nanospheres are dispersed in a
poly (methyl methacrylate) (PMMA) matrix. Such a decrease has been attributed to the hydrogen bonds between the flexible ester side-groups on
PMMA and the hydroxyl groups on silica. Due to presence of silica, the hydrogen bonds inhibit the motions of the ester side-groups. Therefore, by
assuming that the motions of the side-groups are the driving forces for
PMMA structural relaxation, the reduction of physical aging rates far below Tg (Tg – 88 °C) in silica-PMMA nanocomposites have been explained
and associated to a reduction of the β process. More recently, Cangialosi
et al. [67] observed two equilibration mechanisms during physical aging of
polystyrene and polycarbonate. They reported either a single or a double
decay in the enthalpy recovery, when physical aging is performed close to
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or far below the glass transition, respectively. The first (faster) decay has
been assigned to secondary relaxations, whereas the second (slower) decay has been attributed to the α process. At the same time, Grenet et al.[68]
reported experimental results that were collected on glassy Selenium both
after short-term and long-term aging, which support the idea that at least
two separate mechanisms of relaxation coexist in physical aging, one with
very fast kinetics and the other with much slower kinetics. Therefore, according to the aging temperature (close or far to the glass transition) local motions and/or cooperative motions might be involved in the physical aging process.
In this work, differences in the structural relaxation were observed by
heating the samples through the glass transition, i.e. by measuring the results of cooperative motions during equilibrium recovery. Thus, the influence of the crystalline environment was observed on the macromolecular
scale. However, no influence was highlighted during the structural relaxation, because only a single decay with the same kinetics for all systems
was observed. Therefore, physical aging is assumed to be mainly driven
by local motions in these aging conditions (Tag = Tg,cooling – 9 °C). Besides,
this result suggests that contrarily to α relaxation, secondary relaxations
are not influenced by the crystalline environment. It is worth mentioning that Schick et al.[70] observed just a slight influence of the crystals on
the local movements of MAF in the case of semicrystalline PET by dielectric measurements. Later on, Kattan et al. showed no-dependency of the
β relaxations with the degree of crystallinity on various amorphous and
semi-crystalline polyesters, by thermally stimulated depolarization current experiments.[71]
To summarize, similar values of the enthalpy recovery normalized to
the MAF were obtained for all the systems; however, the shape of the enthalpy recovery peaks was not the same. Amorphous PLA has a cooperativity length of 2.6 nm and sharper enthalpy recovery peaks because the
relatively large cooperativity domains ease the recovery to the equilibrium
upon heating. Consistently, SC PLA (both flow-induced crystalline structures and spherulites) have a reduced cooperativity length (1.9 nm) and
broader enthalpy recovery peaks because the relatively small cooperativity domains delay the recovery to the equilibrium upon heating. To assess
the nature of the molecular dynamics involved in the structural relaxation,
between local or cooperative motions, further physical aging investigations
with different aging temperatures (more or less close to the glass transition) should be performed.
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4. Conclusion
The relaxation of shear-induced precursors was investigated at high temperature to mimic the industrial injection process of PLA. At 150 °C, the
critical relaxation time is much larger than the time required to quench
the sample to a suitable crystallization temperature, resulting in the formation of highly oriented cylindrical structures which are embedded in
an amorphous PLA matrix. This observation allowed investigating the influence of the crystalline environment generated either by flow-induced
crystallization or quiescent crystallization on the amorphous phase after a
thermal treatment performed in optimized conditions. Slices of the semicrystalline samples were analyzed by FSC to investigate the behavior of
the amorphous phase at the same scale of the semicrystalline structure.
Thanks to the high scanning rates accessible via FSC, physical aging was
accelerated, which allowed scanning up to four decades of aging time.
Segmental and local relaxations were investigated through the concept of
cooperativity and physical aging, respectively. A decrease of the cooperativity length in the semi-crystalline systems was observed in comparison
to completely amorphous PLA, essentially due to the coupling between
phases and the confinement effect of the crystals. The molecular dynamics were observed to be the same independently of the semi-crystalline
morphology. The molecular dynamics were found to depend on the crystallinity degree at the macromolecular scale. However, the same enthalpy
recovery was measured for all the systems, meaning that the structural
relaxation is not influenced by the crystallinity degree. This result is consistent with the fact that physical aging is mainly due to local motions,
and local motions are not affected by the crystalline environment (different length-scale) at this aging temperature close to the glass transition.
The only influence that could be observed is the one measured during the
subsequent heating ramp through the α relaxation, i.e. the glass transition. Further physical aging investigations with different aging temperatures should be performed to assess the nature of the molecular dynamics involved during the physical aging.
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Fig. SI1. Scheme of the applied thermo-mechanical history for the precursor’s relaxation
investigations.

Fig. SI2. Scheme of the applied thermo-mechanical history for the amorphous phase
investigations.

Fig. SI3. Glass transition temperatures measured upon cooling for flow-induced crystalline
structure (up) and spherulite (down) for SCA systems.

Fig. SI4. Glass transition temperatures measured upon cooling for flow-induced crystalline
structure (up) and spherulite (down) for SC systems.

